We compared the ultraviolet radiation-induced reversion of nonsense (lacZ53) and missense (leuB19) mutations in uvrB5, uvrB5 uvrD3, uvrB5 recB21, and uvrB5 uvrD3 recB21 strains of Escherichia coli K-12. Nonsense (trpE65) reversion was also compared in similar derivatives of E. coli B/r uvrAI55. The uvrD mutation reduced mutagenesis in every case, but had its main effect in cells ultraviolet irradiated with low fluences (<0.6 J m-2). The effect of the recB mutation varied; it decreased Leu and Trp reversion, but had little effect on Lac reversion. The effect of the uvrD recB combination was a gross reduction in mutagenesis. Only in the case of Lac reversion was appreciable mutagenesis detected (at fluences >0.3 J m-2). These results indicate that separate uvrD-and recB-controlled pathways exist for ultraviolet radiation mutagenesis.
Escherichia coli deals with UV radiation-induced DNA damage by employing three repair modes: photoreactivation (reviewed in reference 26), excision repair, and postreplication repair (reviewed in reference 11). The mechanism for photoreactivation appears to be error-free. Mutation fixation that is dependent on the uvrA gene (i.e., error-prone excision repair) has been demonstrated (7, 22, 23) . However, excision-deficient strains, e.g., uvrA or uvrB strains (4, 15, 27) , show enhanced UV radiation mutagenesis (1, 12, 17, 38) . Presumably, DNA repair of UV radiation damage in uvrA and uvrB strains is more error-prone than in uvr' strains (6, 37) .
Postreplication repair is accomplished by at least five separate genetically controlled pathways (43) . One pathway is inhibitable by chloramphenicol (CAP) (25, 43) and is dependent on recA+ (29) , uvrD+ (43) , recB+ (43) , and lexA+ (25, 43) functions. Since CAP also blocks the fixation of UV radiation-induced mutations in a uvrA strain (25) , the CAP-sensitive pathway of postreplication repair is assumed to be responsible for UV radiation mutagenesis in excisiondeficient strains (25, 43) . The CAP-sensitive pathway employs the recA + and lexA + functions (25, 29, 43) , which is consistent with the absolute requirement of these functions for UV radiation mutagenesis (16, 19, 36, 39, 40) . However, the involvement of the uvrD+ and recB+ components of the CAP-sensitive pathway in mutagenesis has not been resolved (13, 19, 20, 21, 28, 40, 41) .
We theorized that the putative mutagenic pathway of postreplication repair was composed of alternate pathways dependent on either the uvrD' or recB+ function. If premutational lesions could be readily processed via either of these two branches, then neither deficiency alone would be capable of totally blocking errorprone repair in an excision-deficient strain. This model predicted that a uvrB uvrD recB triple mutant (deficient in both mutagenic pathways) would be refractory to UV radiation mutagenesis. Our data are consistent with the hypothesis that the uvrD and recB genes control alternate pathways of mutagenic DNA repair in excisiondeficient strains.
MATERIALS AND METHODS
Bacterial strains. The E. coli strains used in this study are listed in Table 1 . The transduction techniques used bacteriophage P1 and Pl::Tn9(Cmr)cts and have been described (24, 42, 43) . A trimethoprim resistance selection procedure (31) was used to isolate thyA mutants.
Media. E. coli K-12 cells were cultured in a 0.4% glucose-salts medium (10) supplemented with thiamine-hydrochloride at 0.5 ,ug/ml, D-biotin at 1 .g/ml, thymine at 10 ,ug/ml, 1 mM L-leucine, and 1 mM Lmethionine. Survival and reversion to Lac' were assayed on supplemented glucose-salts plates (27 ml) solidified with Noble agar (Difco Laboratories) (34) at 1.6%, containing lactose at 0.4% and glucose at 1, 200 ,ug/ml (glu-1200). Plates lacking any glucose (glu-0) were used to quantitate spontaneous Lac+ mutants present when the culture was harvested. The glucose in the glu-1200 plates was necessary to allow the expression of induced Lac+ mutants, and also allowed relatively small numbers of Lac-cells to grow into countable colonies for the estimation of viability. Survival and reversion to Leu+ were assayed as above on analogous plating media (i.e., leu-15 and leu-0). E. coli B/r cells were cultured in 0.4% glucose-salts medium 
RESULTS
Effect of the uvrD3 and recB21 mutations on UV radiation survival. As observed previously (43) , an E. coli K-12 uvrB5 uvrD3 recB21 strain is more sensitive to UV radiation than related uvrB5 uvrD3 or uvrB5 recB21 strains (Fig. la) , suggesting that the recB and uvrD genes affect separate pathways of DNA repair. The UV radiation survival for E. coli K-12 was similar regardless of the Lac' or Leu+ mutant selection plating medium used here (Fig. la) .
Optimization of conditions for assaying UV radiation mutagenesis. In our initial attempt to ascertain whether the uvrB uvrD recB strain was nonmutable, we chose to concentrate by 100-fold the cells to be plated in the mutagenesis assays. The goal was to screen large numbers of cells for mutagenesis. However, we used a mutant selection medium (glu-300) that had been formulated for the optimal detection of UV radiation mutagenesis in a related control strain (i.e., nonconcentrated uvrB5 cells). This UV radiation mutagenesis assay indicated that the uvrB uvrD recB strain was nonmutable by UV radiation (30) . A problem associated with plating highly concentrated UV-irradiated cells on mutant selection medium is indicated in Table 2, which shows that the uvrB uvrD recB strain appeared to change from nonmutable to mutable when the concentration of growth-limiting nutrient (i.e., glucose) was increased.
Therefore, we designed a more proper protocol to be used in this paper to test whether a strain was deficient in mutability relative to a control strain. When comparing a given set of strains, standard irradiation fluences, cell concentration factors, and plating conditions were used. These mutagenesis assay conditions were optimized for the uvrD and recB control strains in each set shown here. For example, a glucose concentration of 1,200,ug/ml appeared to be necessary to obtain maximal expression of UV radiation mutagenesis (lacZ53 -a Lacd) when 0.2 ml of 10-fold-concentrated cells was spread per plate (Fig.  2) . Spontaneous mutagenesis (plate mutants corrected for preexisting mutants) increased linearly with glucose concentration (data not shown) in experiments such as those described in Fig. 2. UW radiation mutagenesis in E. coli K-12 uvrB5 strains. Experiments comparing the effects of the uvrD3 and recB21 mutations on UV radiation mutagenesis in E. coli K-12 uvrB5 cells had the following results: (i) the recB mutation reduced mutagenesis by -60% for Leu reversion leuBI9 -Leu+; Table 3 ), whereas Lac reversion (lacZ53 -* Lac'; Table 4 ) was only slightly reduced; (ii) the uvrD mutation reduced mutagenesis by -90% for Leu reversion (Table 3) and by -80% for Lac reversion (Table 4) ; (iii) UV radiation-induced Leu reversion was generally not detected in the uvrB uvrD recB strain (Table 3) , whereas considerable UV radiation-induced Lac reversion (Table 4 ) (especially at fluences greater than -0.3 J m 2) was detected in this strain. This residual mutagenesis was not detected in a related uvrB5 lexAlOl strain (this strain is slightly less radiosensitive than the uvrB uvrD recB strain) (data not shown), and therefore is probably not an artifact of the Lac reversion system. The UV radiation mutagenesis deficiencies noted for Lac reversion in the uvrB uvrD and uvrB uvrD recB strains are more easily compared in Fig. 3 , which shows that the deficiency in these two strains is evident only at fluences less than -0.5 J m-2.
UV radiation mutagenesis in E. coli B/r strains. UV radiation mutagenesis (trpE65 -. Trp') was reduced by -80% in both the uvrA155 uvrD3 and uvrA155 recB21 strains relative to the uvrAl55 strain, and the uvrA155 uvrD3 recB21 strain was grossly deficient in Trp reversion (Table 5) . DISCUSSION To test our hypothesis that the recB and uvrD genes control alternate pathways of error-prone DNA repair, we examined (i) the effect of the single recB and uvrD mutations on UV radiation mutagenesis in uvrA and uvrB strains and (ii) the ability of the uvrB uvrD recB strain to undergo UV radiation mutagenesis.
Effect of exonuclease V (recB or recC) deficiencies on UV radiation mutagenesis.
The effect of recB or recC deficiencies on UV radiation mutagenesis has not been resolved. Witkin (40, 41) reported that the recB21 allele reduced UV radiation mutagenesis by -90%. Hill and Nestmann (13) -0.9 ± 1.3 (4) recB21) a All terms are defined in the text. All data (except last column) are averages compiled from three to five experiments (per strain), each one using four mutant selection plates and three viability plates per UV radiation fluence.
b Average UV radiation-induced Leu+ mutants per 0.2 ml, from irradiated cell suspensions that had been concentrated 100-fold before being spread upon leu-15 plates.
c Average mutant frequency + standard deviation. The number in parentheses indicates the total experiments included in this compilation. These data are averages of the calculated mutant frequencies from the individual experiments rather than a direct calculation of the averaged data in this table.
lethal-sectoring phenomenon. Miura and Tomizawa (20) reported normal UV radiation mutagenesis of bacteriophage X when plated on recB21 or recC22 hosts.
Under conditions designed to minimize the effects of lethal sectoring, i.e., extended incubation of mutant selection plates (13), we found that the effect of the recB21 mutation on UV radiation mutagenesis was variable. For example, mutagenesis was only slightly reduced when scoring Lac reversion (Table 4) , but was reduced by -60% when scoring Leu reversion (Table 3) in the same E. coli K-12 uvrB recB strain over the same UV radiation fluence range. The recB mutation also reduced mutagenesis in the E. coli B/r uvrA strain, when scoring Trp reversion (Table 5) , to a degree similar to that reported by Witkin (41) . We suggest that the apparently contradictory mutagenesis data for recB strains, reported here and in the literature, are consistent with exonuclease V playing a role in errorprone repair only in certain situations (e.g., those involving certain types of premutational lesions or chromosomal regions or both).
Effect of the uvrD3 deficiency on UV radiation mutagenesis. Miura and Tomizawa (19) assayed clear-plaque mutations in bacteriophage X at a UV radiation fluence of 40 J m 2 incident upon the uvrD3 host cells, and concluded that the uvrD gene played no obvious role in UV radiation mutagenesis. Smith (28) reached a similar conclusion from UV radiation mutagenesis data (compared relative to UV radiation fluence) on E. coli K-12 uvrB5 uvrD3 cells when scoring for Leu reversion (leuB19 --Leu+), and in E. coli B/r uvrA155 uvrD3 cells when scoring for Trp reversion (trpE65 -Trp+).
Data presented in this study show that the uvrD3 mutation does reduce UV radiation mutagenesis when measured by Leu reversion (leuB19 -* Leu+) in E. coli K-12 uvrB5 uvrD3 (Table 3) or by Trp reversion (trpE65 --Trp+) in E. coli B/r uvrA155 uvrD3 (Table 5) . Mutagenesis in the E. coli K-12 uvrB uvrD strain was also reduced when measured by Lac reversion (Table 4) . A reexamination of the earlier study (28) showed that those data and our data are consistent with regard to the effect of the uvrD3 mutation on mutagenesis, when compared over the same UV radiation fluence range used here. Therefore, the uvrD gene product (function unknown) must play a role in UV radiation mutagenesis at least in uvrA and uvrB strains. The effect of uvrD mutations in uvrA+ and uvrB+ strains is less clear. Venturini and Monti-Bragadin (35) indicated a uvrD3-related reduction (by -50%) in UV radiation mutagenesis, whereas enhanced UV radiation mutagenesis has been observed for uvrDlOl mutants (3, 32) . Other evidence supporting a role for the uvrD locus in error-prone repair comes from a recent report (18) showing that uvrE (33) and mutU (14) bAverage radiation-induced Lac' mutants per 0.2 ml, from irradiated cell suspensions that had been concentrated 10-fold before being spread upon glu-1200 plates.
'See 24. mutations are mutator alleles of the uvrD gene. Effect of a combination of the uvrD3 and recB21 deficiencies on UV radiation mutagenesis. The data discussed to this point generally show the involvement of the recB and uvrD genes in UV radiation mutagenesis. This is consistent with evidence showing the involvement of these genes in the CAP-sensitive pathway of postreplication repair (43) , a pathway that has been proposed to be involved in UV radiation mutagenesis (25, 43) . Since mutations at either locus, i.e., uvrD3 and recB21, did not totally prevent UV radiation mutagenesis in the fashion of some recA and lexA mutations (16, 19, 39, 40) , we theorized that alternate pathways, i.e., a recB pathway and a uvrD pathway, may exist in the context of error-prone repair. This hypothesis for alternate error-prone repair pathways suggested that a uvrB uvrD recB strain should not be mutable by UV radiation.
UV radiation mutagenesis was generally not detected in the uvrB5 uvrD3 recB21 strain of E. coli K-12 when assayed for Leu reversion (Table  3) , and reversion to Lac' was greatly diminished (Table 4 , Fig. 3) , as predicted by the alternate error-prone pathway hypothesis. However, this was only true at UV radiation fluences less than -0.3 J m-2. At fluences greater than -0.5 J m2, the Lac' mutant frequency was similar to that for the other control strains (Fig. 3) .
The uvrD3 recB21 combination also caused the E. coli B/r uvrA155 strain to be generally nonmutable by UV radiation (Table 5) . Thus, the general conclusion from studying uvrA (or uvrB) uvrD recB mutants is that the uvrD and recB genes affect alternate pathways involved in error-prone repair of UV radiation damage. The residual mutagenesis seen in the uvrB uvrD recB strain (Fig. 3) (but not in a uvrB5 lexAlOl strain)
indicates that other error-prone mechanisms not strictly blocked by uvrD3 and recB21 mutations can apparently operate (at least for Lac reversion) at fluences >0.3 J m 2. Besides this residual mutagenesis, other uvrD recB-independent mechanism(s) appear to operate in uvrA+ uvrB+ cells (unpublished observation; 3) and will be the topic of a future publication.
Conclusion. We have examined Lac, Leu, and Trp reversion in uvrA and uvrB strains of E. coli and found, in every case, evidence consistent with the notions that not only are the recB and uvrD genes involved in UV radiation mutagenesis, but also their involvement is on alternate error-prone repair pathways. This model provides an explanation for the apparently contradictory UV radiation mutagenesis data in the literature (13, 20, 21, 40, 41) and in this study concerning the involvement of exonuclease V in UV radiation mutagenesis. In addition, our data suggest the existence of at least one error-prone DNA repair pathway that is recB uvrD-independent (exemplified by the residual UV radiation-induced Lac reversion in the uvrB uvrD recB strain). 
